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SECTION I

INTRODUCTION

Many metal shaping and forming operations for aerospace utilization
employ extrusil.~.. ‘forging techniques. Production of high strength superalloy
bolts and turbine blade preforms are two examples where this forming tech-
nique is utilized . The majority of these types of forming operations are
performed routinely ; however, in some instances a particular combination of
material and process variables causes an internal defect to occur in the
product which has come to be called central burst.

The occurrence of the central burst defect in drawing and extrusion
operations has been reported in the literature for some time~~

2
~
1- . The defect

is a chevron or arrowhead type opening which occurs along the central region
or axis of the deformed product. It frequently occurs as a series of defects
with periodic spacing, but it can also occur singly in some forging operations.

The determination of the cause of this defect is of considerable
importance because of the losses in material and production associated with
its occurrence. Of particular interest are those combinations of material
and processing variables which do not in themselves result in the defect , but
which just barely avoid the conditions causing the defect. This situation
can result in an amount of material damage which is .~c’t detectable by
ordinary nondestructive techniques but which can cause premature failure in
service applications.

While the central burst defect has been examined from both the material
and process viewpoint , no systematic analysis of its initiation and develop-
ment has been reported. Such an analysis is necessary to develop a mechanistic
view of the occurrence of this defect so that its prevention can be assured
for all processing operations. The effort of this study was directed at
this objective. Type 7075 aluminum alloy was used as a model material.
Additional follow—on reports will detail the influence of metallurgical and
mechanical variables on this defect.

1
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SECTION II

EXPERIMENTAL PROGRAM

The 7075 aluminum alloy used in this investigation was purchased in the
form of a three—inch diameter by twelve—foot long rod. The material was
obtained in the T—65 1 heat treatment and was kept in that condition for
machining extrusion billets. The chemical composition of the material is
given in Table I.

The extrusion program was conducted at the Experimental Metals Process-
ing Laboratory at Wright Patterson Air Force Base, Ohio. A 700 ton
(6.23xl06N) horizontal accumulator type extrusion press manufactured by
Lombard Corporation was used in this program . The hydraulic media was water—
water soluble oil and the operating pressure was 3050 psi (21.0 KPa). The
admission of pressurized fluid to the press chamber was controlled through
use of a hydraulic valve to allow ram velocities between 0.5 ips (6.25x10—2ms 1)
and 10.0 ips (25.4x10 2ms—l). The press container was 3.062 in. (7.78xl0~~m)
diameter by 15 in. (O.38lm) long and was heated by electric resistance cart-
ridge type heaters so that a temperature between ambient and 800°F (700°K)
could be obtained . The extrusion press was instrumented so that the stem
load , ram position and ram velocity were monitored and recorded through use
of a Honeywell 1508 Visicorder.

The standard extrusion billets used in this program were three—inch dia-
meter and five and one—half inches long. A die—entry chamfer was machined
on one end of the billet. The chamfer was at a 450 angle over an axial
length of one-half inch.

The extrusions performed in this program were partial extrusions in
which a portion of the original billet was left in the container . A rigid
stop of the extrusion process was obtained through use of a ram stop ring
which upon contact with the container allowed all of the press energy to be
dissipated through the container. This technique allowed the extrusion pro-
cess to be stopped almost instantaneously regardless of the rain velocity.
This process is illustrated in Fig. 1. Varying lengths of partial extrusions
were obtained by use of a series of dummy blocks whose lengths were varied
from 1—1/2 in. (3.8lx10 2m) to 3—1/2 in. (8.89xl0 2m) in increments of 1/8
in. (3.l8xlO 4m). Lengths between these 1/8 in. (3.18xl0 4m) increments
were obtained by use of shim stock spacers bonded to the backs of dummy blocks.

An initial small trial extrusion program was performed to bracket the
conditions where the central burst would and would not occur . From this
effort , a base—line set of variables was selected to be: billet temperature
300°F (422°K) with a two hour heating time ; die geometry of 4:1 reduction
ratio with a 900 conical angle and a smooth bearing surface; ram velocity
of 1.5 ips (3.8lxlO 2ms~~); lubrication for the container to be Fiske 
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hot die lubricant applied just prior to extrusion and lubrication for the
billet to b e Fe1 Pro C—300 applied prior to heating . A series of partial
extrusions h . ‘~ed on the standard set of variables was performed using
incremental lengths of dummy blocks. After completion of the desired de-
formation process , the partial extrusions were removed from the press and
sectioned to show the deformed structure.

The metal flow and fracture morphology associated with the development
of the defect were examined ‘y standard metallographic techniques and by
scanning electron microscopy . An ETEC scanning electron microprobe equipped
with a KEVEX energy dispersive analyzer was used

.3



SECTION III

RESULTS

The results from the use of the rigid ram stop process employed for a
series of six billets are shown in Fig. 2. These results show the incremental
variations in the initiation and growth of the defect . Data for these billets
are given in Table II.

These results illustrate the variations in metal flow which cause the
central burst defect to develop. Prior to the occurrence of a burst , a
surface develops in the deformation zone along which metal flow localizes. A
three—dimensional view of this surface would yield a circular cone with a
slightly concave surface . Enhanced metal flow tends to be promoted along this
surface as the extrusion process continues. The burst initiates along the
billet axis at the apex of this conical surface of localized flow. The
fracture propagates along the cone surface as the surface i~ pushed toward the
die by the continuing ram motion . After the fracture has moved a certain
distance through the die , a new surface of localized flow develops in the
deformation zone and the entire process is repeated.

The ram load and ram velocity recorded during an extrusion in which
central bursts occur are shown schematically in Fig. 3. The ram load rises
to. a peak condition , but then drops sharply. This rapid drop in load is
accompanied by a rapid peaking in the ram velocity and signifies the
occurrence of the first burst in the product . After the rapid load drop ,
the load again builds up as the extrusion process continues until a load is
reached which is approximately equal to or slightly higher than the steady
state load of a sound extrusion . The load then drops again, although not as
rapidly as the initial drop , until the approximate same minimum load at which
point another burst occurs. The process continues in a cyclic manner . The
ram velocity peaks at each minimum in the load where the bursts occur.

Metallographic examination of the defect at various stage~. during its
development reveals more detail about its origin and propagation . The con-
figuration of the defect and adjacent material shown in Fig . 4 is from an
extrusion which was halted just after the defect initiated . A considerable
number of voids opening around the inclusion stringers can be seen. E:.~ .i-
nation of the defect cone shows that the crack propagation occurs in jogged
steps where voids develop along the inclusion stringers.

The shape of the defect shown in Fig. 5 is from an extrusion which was
halted after the defect cone was about one—half developed . The concentration
of metal flow at the crack tip is seen to be considerably enhanced over that
nearer the cone tip shown in Fig. 3. The propagation path is also more
defined and almost no secondary defects can be seen adjacent to the principal

0 fracture .
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The portion of the defect shown in Fig. 6 is from an extrusion which was
halted as the cone was almost two—thirds developed. The st riki ng feature
illustrated in this figure is that the crack tip has become blunted. The
material ahead of the crack tip, however, shows intense shear indicating a
large amount of plastic deformation over a rather large band . A type of
turbulent flow occurs forming the toroidal surface noted at the base of the
central burst cone in Fig. 2. The terminal stage of the crack propagation
is shown in Fig. 7 which is a section of an earlier burst which had passed
completely through the process.

The general shape of the central burst cone examined by scanning
electron microscopy is shown in Fig. 8. The included angle of the cone
approximates 9Q0 near the tip , but becomes larger at greater distances from
the tip. A very small flat region is sometimes found at the cone tip, where
fracture initiates.

The fracture morphology at the crack tip , Fig. 9, leaves no doubt that
a tensile overload failure nccurs at the tip of the cone. The fracture
morphology at the tip shows deep voids with second—phase particles visible
in many of the voids. The voids appear to have grown until the ligaments
between them necked to zero area leaving a network of rather sharp ridges
indicative of ductile rupture . The walls of the voids are relatively smooth,
but show a considerable amount of beach—sand ripples. Some smaller voids
are observable along the ripples which connect the voids. The beach—sand
ripples along the void walls are more apparent in Fig. 10. The second—phase
particles visible in the voids were found to be enriched in iron and copper .
The region near the cone tip, shows the sand—beach ripples between rather deep

• voids.

The shear region along the conical surface of the central burst cone is
shown in Fig. 11. The elongated parabolic dimples of the larger voids are
clearly evident. Some smaller secondary dimples can be seen in larger
voids. A considerable amount of copper—iron inclusion debris can be seen
in the valleys of the large parabolic dimples.
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SECTION IV

DISCU SSION

Examination of the series of par tially extruded billets, Fig. 2, clearly
shows that the activation of a tangential velocity discontinuity and the
localization of shear along the discontinuity are prerequisites to the
development of the central burst defect . This sequence of billets allows a
phenomenological mechanism for the defect to be suggested . The mechanism is
illustrated schematically in Fig. 12. The tangential velocity discontinuity
causes increased material flow toward the billet axis on the die exit side
of the discontinuity resulting in a type of radial compression at the axis.
Since the material is essentially incompressible , the increased radial flow
toward the axis must be accommodated by increased axial flow along the axis
in the direction of the die exit . A large differential of metal flow must
then exit along the axis between the material immediately ahead and immediately
behind the discontinuity. This causes large tensile stresses along the axis
of the billet . When these stresses reach the tensile strength of the material
under the imposed conditions, tensile overload fracture occurs in a small core
region at the billet axis.

Initially after 1ocalize~ flow occurs , it is energetically favorable for
flow to continue at the localized band because of the associated thermal
softening . Continued flow along the shear instability band causes the pro-
pagation of the defect. In the case of extrusion, the rain motion continues
to move the remaining billet through the die so that localized flow in that
band is no longer favorable thereby halting the propagation of the defect.
The flow field then becomes readjusted and the process begins again.

This mechanism for the central burst defect conforms with basic
mechanics o~ ductile fracture involving shear instabilities

22 ’23 and tensile
stresses23 5. It also conforms with prior observations and studies of this
defect based on a requirement of tensile stresses10 . The proposed mechanism
argues that an enhancement of tensile stresses occurs at a small core region
along the axis of the billet so that values equal to those deduced for tensile
fracture seem plausible. The fact that tensile stresses initiate the defect
is verified by fractography at the cone tip , Fig. 9. Further verification

• that axial tensile forces exist at the initiation of the defect can be deduced
by the rapid opening of the defect tip as the fracture propagates along the
discontinuity band .

The fact that straining becomes localized indicates a type of plane
strain flow occurs. Such flow is not compatible with an axisyinmetric process;
however , it may occu r on the cone wall for  a short period where the material
flow down the cone is translated to axial flow simultaneous with the
propagation of the defect along the cone wall. Such flow would suggest that

6



the discontinuity planes are planes of maximum shear as opposed to planes of 22pure shear which seem to occur in instabilities with sheet tensile specimens

These arguments suggest th~tt more detailed information could be obtained
from an analysis of plastic instabilities, particularly the gradient of shear
stress within the workpiece as the planes of maximum shear are approached in
the deformation zone. Seemingly, conditions of sharp gradients would pro-
mote localized flow while conditions of gradual gradients would allow diffus e
flow. It would also be of interest to determine the effective strain at
which the maximum stress occurs. If this strain corresponds to the zero or
negative slope condition of the true stress—true strain relation for the
material at the test conditions , then further enforcement of the condition
for localized flow would be achieved.

These arguments further suggest an explanation for the difficulties of
mathematical formulations in predicting the occurrence of this defect. The
common assumption in mathematical analyses is that a metal flow field becomes
established and continues in the same way. The analyses assume either rigid
plastic or continuously hardening material. No known analysis exists which
is based on real material stress—strain behavior for the regions of high
strain and high strain rate where deformation softening occurs. The strain
at the onset of deformation softening in real materials seems likely to be
influential in the development of the shear instabilities which this research
shows leads to the central burst defect. These areas will be examined in
more detail in subsequent reports.

7



SECTION V

CONCLUSION S

The results of this inves tigation of extruded 7075 aluminum alloy
establish the mechanism for the central burst defect.

1. The occurrence of a tangential velocity discontinuity band in the
metal deformation zone and the localization of metal flow along
the band are events which precede the occurrence of the central
burst defect .

2. Fractographic evidence from scanning electron microscopy analyses
of the central region of fractured tensile specimens and the tip
of the burst cone confirm that the central burst defect is initiated
by a tensile overload mechanism. An enhancement of axial tensile
forces in extrusion occurs by the translation of radial metal flow
on the die exit side of the discontinuity band to increased axial
flow along the central core region of the billet .

3. Deformation softening in the shear instability band favors continued
localized plastic flow causing the defect to propagate along the
band . Continued ram motion causes the instability surface to be
moved toward the die exit diffusing the instability band and halting
the defect growth.

8 
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a b c

Fig. 2a. Macrographs of a sequence of longitudina ]lv
sectioned partially extruded billets showing the
development , propagation and repetition of the
central burst defect. The above sequence shows
a) the development of the tangential velocity
discontinuity surfac€~, b) the initiatio n of the
burst at t h e  axial center of the billet at the
ti p of t h e discontinuity surface and c) the
rap id opening of the defect.
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a h C

Fi g.  2b .  The ab~~ve sequence shu~cs a) t he  f u l l y
deve loped  d e f e c t  e x i t i n g  the  die w i t h
c~~ra1 flow connentrat~~. at the outer
s~~ l1 o’ the product followed by b) the
re- .establ ish: :~en t  of the  m e t a l  flow w i t h in
t h e  d ie  cone and the  i n i t i a t i o n  of a new
t a n ~~t - n t i a 1  d i sc~m t i n u i t v  s u r fa c e  beg inn ing
at  t~~e cu t e r  p o r t i o n  ot  the  b i l l e t  where
t h e  i n i t i a l  eatrv to  t h e  di~ cone occurs
and c) t he  co:~t l nu e d  d e ve l op m e n t  of the
dis conti~~iitv w i t h  c on c e n t r a t e d  f iow in
pr~~p ar a t i on  fo r  t h e  n e x t  burst.

13

_ _ _ _  _  •



• ..•— — --.—• —•••- — — — -. .— •— •-. • •— •- • .— ._—_ -. •—•.,—-•—— —•——.-——.---- -- .•_.——_ _  .—• - - - -

I

4J

C
I.’
S
.0

-l

__________________________________________________________ 1.4
4-’S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

U

.0
1-’
‘-4

Uo 4.1
‘U

~ 
1-~0

I
I

14



I ____

_ _  

__
I

_:
~~~~~~~~~~~j~~~~~~~~1 >

4 

__ 

__
~~~~~~~~~~~~~~~~~~~~ •— . •‘~~~~~~~~~~~

•
~~

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ z.

~~~~~~~- 

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~____________ 
_____ .9*

- 

a._ 
. 

• ___________

___ 

~ 
•ijL

~~~~~~~~ ~~~~

4
Fig. 4. Micrograp hs showl:~ the pr ~ l c1ti o n .. . d t

along the shear discontin uity jus aft er defect
initiation . Note thar • the h e r  ì:’

developed ahe.l.• i of he d e f e c t  :;.,n it~ he
v i c i n i t y  ~ f t h~ d~~ e
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Fig. 5. >Iicrograph of crack ti p when the defect is approxi-
mately one—half developed.
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(a )  ( b )

Region I — Nondeformed Material
Reg ion II — Defo rmation Zone
Region III — Product Material

Fig . 12. Phenomenological mechanism of the development, propagation and
repetition of the central burst defect. a) Development of
tangential velocity surfaces (1) occurs with bands of localized
flow. Tangential flow along the discontinuity (2) is translated
to axial flow toward the die exit and results in a region of
enhanced tensile stress (3) at the billet axis. b) Initiation
of the central burst defect (4) results from tensile overload .
Wavy flow lines (5) develop while the deformation zone volume
shrinks by movement of the entrance boundary (6) toward the die
exit. c) Discontinuous flow lines develop (7) as the defect
propagates along the discontinuity surface but propagation
becomes less energetically favorable as the geometric position
of the flow surface proceeds through the deformation zone (8) .
The defect opens rapidly (9) as flow concentrates (10) at the
outer flow lines. d) As the defect passes through the die the
deformation zone (1].) becomes re—established and new tangential
velocity discontinuity surfaces (12) begin at the outer surfaces
of the billet near the entrance to the die cone .
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